Objective To investigate the factors related to upper extremity functional improvement following inhibitory repetitive transcranial magnetic stimulation (rTMS) in stroke patients. Methods Forty-one stroke patients received low-frequency rTMS over the contralesional hemisphere according to a standard protocol, in addition to conventional physical and occupational therapy. The rTMS-treated patients were divided into two groups according to their responsiveness to rTMS measured by the self-care score of the Korean version of Modified Barthel Index (K-MBI): responded group (n=19) and non-responded group (n=22). Forty-one age-matched stroke patients who had not received rTMS served as controls. Neurological, cognitive and functional assessments were performed before rTMS and 4 weeks after rTMS treatment. Results Among the rTMS-treated patients, the responded group was significantly younger than the non-responded group (51.6±10.5 years and 65.5±13.7 years, respectively; p=0.001). Four weeks after rTMS, the National Institutes of Health Stroke Scale, the Brunnstrom recovery stage and upper extremity muscle power scores were significantly more improved in the responded group than in the control group. Besides the self-care score, the mobility score of the K-MBI was also more improved in the responded group than in the non-responded group or controls. Conclusion Age is the most obvious factor determining upper extremity functional responsiveness to lowfrequency rTMS in stroke patients.
INTRODUCTION
Stroke is the leading cause of adult disability worldwide. Between 55% and 75% of the stroke survivors have some limitations in functional use of the upper extremity [1] . Motor recovery of the upper extremity is one of the major concerns after stroke, given the marked impact on the ability to independently perform activities of daily living (ADL) [2] . Repetitive transcranial magnetic stimulation (rTMS), a noninvasive tool for induction of electric current in the brain, is widely utilized for achieving recovery of function of the involved upper extremity following stroke [3] [4] [5] [6] . The frequencies of rTMS, which are typically categorized into low (≤1 Hz) and high (>1 Hz) ranges, are known to be related to the control of cerebral cortex activation. For example, it has been reported that lowfrequency rTMS reduces the excitability of the contralesional hemisphere, while high-frequency rTMS increases the cortical excitability of the ipsilesional hemisphere [7, 8] . Some studies have reported that high-frequency rTMS is more effective for visuospatial neglect than lowfrequency rTMS [9] . In the early phase, high-frequency rTMS has been determined to be more beneficial for motor improvement of the affected upper extremity than low-frequency rTMS [10] ; however, in the late phase, the difference was found to be insignificant [8] . Although several studies have compared the effects of stimulatory and inhibitory rTMS on post-stroke motor recovery [8, 10] , it is still unclear which type of rTMS has a greater effect on upper extremity functional improvement.
In fact, in the clinical setting, the effects of rTMS on both motor and functional recovery are quite variable. Several studies have sought to identify the characteristics determining individual responses to high-frequency rTMS treatment [3, 11, 12] . One important factor influencing the inter-and intra-individual variability of rTMS effects, reportedly, is the level of cortical excitability in the subject prior to stimulation [3, 13] . Other studies have reported that subcortical stroke, presence of motor-evoked potentials (MEPs), mild paresis and higher cognitive status are related to positive effects of high-frequency rTMS [11, 12] . However, several factors were shown to have different effects following rTMS treatment. Although some researchers have suggested that aging can modify the clinical effects of rTMS [3, 13] , other researchers did not find any age-related differences after high-frequency rTMS [9, 12] . One study reported that ipsilesional stimulatory rTMS caused a significant improvement in patients with and without cortical involvement, whereas the beneficial effect of contralesional inhibitory rTMS was more marked in subcortical stroke than in cortical stroke [12] . To date, the causes of inter-individual variability of inhibitory rTMS effects compared with stimulatory rTMS effects remain unclear. The aim of our current study was to delineate the variables related to stroke patients' upper extremity functional improvement following lowfrequency rTMS.
MATERIALS AND METHODS

Subjects
A total of 337 patients in the subacute stage of stroke were reviewed retrospectively in this study. All of the subjects met the following inclusion criteria: (1) hemorrhagic or ischemic stroke within the last 3 months; (2) Brunnstrom's hand recovery stage 1-5. Patients with any of the following conditions were excluded: (1) prior history of seizure; (2) severe physical or mental illness requiring medical management; (3) contra-indications to rTMS (e.g., cardiac pacemakers, intracranial implants, implanted medication pumps, pregnancy); (4) severe cognitive impairment (Korean version of Mini-Mental Status Examination [K-MMSE]<5). Finally, 41 patients in whom low-frequency rTMS was performed were selected for the study. Additionally, 41 age-matched subjects in whom rTMS had not been performed were assigned to the control group for comparing their neurological and functional changes with those in the stroke patients. The subjects underwent neurologic, cognitive and functional evaluation, first on admission to an inpatient rehabilitation unit and then again 4 weeks after treatment. All of the stroke patients also received conventional physical and occupational therapy until discharge. We used the self-care score on the Korean version of the Modified Barthel Index (K-MBI) to evaluate upper extremity functional status as the primary outcome of rTMS. The K-MBI consists of two categories: self-care and mobility. The self-care component largely depends on upper extremity function, while the mobility score indicates lowerextremity function [14] . The criterion was determined based on the mean change in the K-MBI self-care score in the control group, which did not undergo rTMS treat-www.e-arm.org ment: 17.5 (mean+2 SD; 7.24+2×5.13). The rTMS-treated patients were divided into two groups according to this criterion, which represented their treatment responsiveness as reflected in their upper extremity functional status: the responded group (19 patients; self-care score of K-MBI≥17.5) and the non-responded group (22 patients; self-care score of K-MBI<17.5).
Methods
Intervention All of the subjects undertook, for 1 hour twice a day, conventional physical and occupational therapy including range of motion training, strengthening exercises, gait training, ADL training, and manual dexterity exercises.
In the rTMS-treated group, transcranial magnetic stimulation was used to assess the functional integrity of the corticospinal tract [15] . Stimulation of the primary motor cortex (M1) induced a response in the abductor pollicis brevis (APB) muscle, which manifested as a muscle twitch that was recorded as a MEP using surface electromyography for the affected upper extremity. Each intervention consisted of 10 sessions of 20-minute rTMS applied to the contralesional hemisphere. The rTMS was delivered with a figure-of-eight coil and a Magstim Super Rapid 2 magnetic stimulator (Magstim, Carmarthenshire, UK). In each session, 1,200 pulses of 1 Hz rTMS were applied over the hand area of the motor cortex (F8c) in the contralesional hemisphere, at the site that elicited the largest MEPs in the APB muscle of the unaffected upper extremity. The intensity of the stimulation was set to 100% motor threshold, which was defined as the lowest intensity necessary for evoking an MEP response of 50 µV in 50% of the trials.
Functional assessment
The severity of impairment in performance of ADL was evaluated twice by a rehabilitation physician using the K-MBI, first on admission to the rehabilitation unit and then again 4 weeks after the initial assessment. The K-MBI, which includes self-care and mobility components, has 10 subscales with scores ranging from 0 (completely dependent) to 100 (independent in basic ADL). The score for the self-care component of the K-MBI, which consists of personal hygiene, bathing, feeding, toileting, going up and down stairs, dressing, defecation and voiding categories, ranges from 0 to 70; the score for the mobility component, which consists of ambulation and bed transfer categories, ranges from 0 to 30 [14] .
Neurological assessment
On admission to the rehabilitation unit, the controls and rTMS-treated stroke patients underwent a neurological assessment scored using the National Institutes of Health Stroke Scale (NIHSS) [16] . The Brunnstrom recovery stage was used to discern whether the upper extremity neurologic function had improved or not [17] . The type of stroke was classified as hemorrhagic or ischemic. Additionally, the laterality of stroke was evaluated by magnetic resonance imaging. The site of the lesion was categorized as cortical or subcortical based on the presence or absence of cortical involvement, respectively.
The degree of motor impairment is known as the simplest prognostic indicator, with greater initial impairment predicting worse functional recovery [18] [19] [20] . Voluntary shoulder abduction and finger extension within 72 hours of stroke and 4 weeks after the initial assessment were assessed in this study. In each case, the strength was graded on a scale of 0 to 5 using the Medical Research Council criteria, and it was then summed to determine the SAFE (Shoulder Abduction, Finger Extension) score on a 0-10 scale.
Cognitive assessment
All of the subjects were cognitively assessed twice using the K-MMSE, first on admission to the rehabilitation unit and then again 4 weeks after the initial assessment. The K-MMSE consists of five subscales including orientation, registration recall, attention and calculation, language, and complex commands. The total scores ranges from 0 to 30 [21] .
Statistics
Statistical analysis was performed using PASW Statistics ver. 18 for Windows (IBM Corp., Armonk, NY, USA). The Pearson chi-square test was used to analyze the baseline categorical data in the initial assessment according to the gender, type, laterality of stroke and site of lesion, among the other parameters. The numerical data on age, time since stroke and length of stay were compared between the controls and rTMS-treated patients using the Kruskal-Wallis test. The Wilcoxon signed-rank test was run to compare the changes in the NIHSS, Brunnstrom www.e-arm.org recovery stage, muscle power, K-MBI and K-MMSE between admission and follow-up among the controls and rTMS-treated patients with or without responsiveness. Then, the Kruskal-Wallis test was conducted once again, this time to compare the NIHSS, Brunnstrom recovery stage, muscle power, K-MBI and K-MMSE baseline and changed scores among the controls and rTMS-treated patients with or without responsiveness. After the Kruskal-Wallis test, Bonferroni correction was applied to pair the groups. Finally, Spearman correlation analysis was performed to delineate the relationships between the K-MBI self-care and mobility scores. The significance level was set at p≤0.05.
RESULTS
Forty-one patients (24 men and 17 women) in whom low-frequency rTMS was performed were divided into two groups according to their K-MBI self-care scores: non-responded group (n=22; 53.7%) and responded group (n=19; 46.3%). The mean age of the subjects was 60.0 years (range, 32-83 years). There was a significant age difference between the rTMS-treated patients with and without responsiveness (Table 1) : the responded group was markedly younger (51.6±10.5 years vs. 65.5±13.7 years, respectively; p=0.001). The age distribution plotted in Fig. 1 shows the relative youth of the responded group. To delineate the influence of age factor on functional improvement following rTMS application, control and rTMS-treated groups were divided into two groups (younger and older groups), and the cutoff value was set to the mean age of subjects (60 years). The gain scores of K-MBI self-care were improved more significantly in the younger rTMS-treated group than in the younger control group (21.5±8.8 and 0.9±4.7, respectively; p<0.001). None of the other clinical characteristics, including gender, cause, laterality of stroke, site of lesion, onset, and length of stay, differed significantly among the three groups.
On admission, none of the functional scores were significantly different among the groups (Table 2) . After 4 weeks, the follow-up and gain scores for self-care and www.e-arm.org mobility as well as the total K-MBI scores were higher in the rTMS-treated group than in the controls. Moreover, the K-MBI self-care, mobility and total scores were significantly more improved in the responded group than in the non-responded group. We found that the gain scores for self-care on the K-MBI were positively correlated with those for mobility and the total score (Spearman correlation coefficient=0.591, p<0.001).
The initial NIHSS score and the Brunnstrom recovery stage did not statistically differ between the controls and rTMS-treated patients, although all of the scores were increased at 4 weeks after the initial assessment. Also, the gains in the NIHSS score and Brunnstrom recovery stage in the responded group were superior to those in the controls and the non-responded group (Table 3) . Shoulder abduction, finger extension and SAFE score were also significantly improved in all the three groups. Additionally, the follow-up and gain scores for the upper extremity muscle power showed statistically significant differences between the controls and rTMS-treated patients. For example, the shoulder abduction test showed a significant improvement in the responded group relative to the control group and non-responded group (gains: 1.2±1.1 vs. 0.4±0.7 and 0.8±0.8, respectively; p=0.007). Moreover, www.e-arm.org www.e-arm.org the finger extension test and SAFE score were also significantly more improved in the responded group than in the control group and the non-responded group (p<0.001) ( Table 4) . In all three groups, the K-MMSE score showed a significant improvement between admission and 4 weeks later (Table 5 ). Although the difference in the mean changes between the control group and the responded group was not statistically significant, the follow-up K-MMSE score in the responded group was superior to that in the control group.
DISCUSSION
Many studies have suggested that rTMS has an effect on the excitability of the brain that can enhance the motor function recovery of paretic upper extremities [3] [4] [5] [6] [7] [8] . Although rTMS can improve functional impairment in selected patients, the overall clinical results have been variable. Several studies have demonstrated that specific characteristics, including disease-related plasticity, age, gender, lesion location and cognitive status, influence the effects of rTMS [3, 11, 12] . For example, age-dependency of motor cortical plasticity has been implicated in low-frequency brain stimulation [3, 13] but not in highfrequency brain stimulation [11, 12] .
Inhibitory rTMS has shown a therapeutic potential in restoring the balance of inter-hemispheric inhibition after stroke [3] . Such an effect occurs in an intact ipsilesional cerebral cortex, which is not the target site of stimulatory rTMS [12] . Several investigators have demonstrated age-related differences in inter-limb coordination and control of corticospinal inhibitory processes [22, 23] .
Older individuals exhibiting motor deterioration and diminished ability to coordinate movement appear to show a reduced capability to modulate GABA-mediated inhibitory processes [24] . However, these studies were either conducted in normal individuals [22, 23] or they used paired associative stimulation [13] . In other words, these studies did not find a direct relation between aging and functional impairment following rTMS. One of the most remarkable findings of our present study was the age of the patients in the responded group: 9.3 years lesser than the age of the patients in the control group on average, which is a significant difference. Indeed, younger patients, compared to older patients, have a greater potential for enhanced post-stroke motor and functional recovery following inhibitory rTMS. We hypothesized that with increasing age there would be less extra activation in the inhibitory circuits targeting the contralesional motor cortex. When the criterion for the responded group was set according to Brunnstrom recovery stage and responsiveness to rTMS was determined based on improvements of more than 2 Brunnstrom hand recovery stages, the responded group was significantly younger than the nonresponded group (53.8±13.7 years vs. 64.1±13.3 years, respectively; p=0.018).
It has been assumed that upper extremity motor recovery after inhibitory rTMS is also influenced by lesion location, especially the presence or absence of cortical involvement [12] . However, that study included only 20 stroke patients. Contrastingly, in our present study, there were no significant differences in the respective proportions of patients with and without cortical involvement. It remains unclear to what extent stroke location and distribution determine the individual response to rTMS Wilcoxon sum rank test.
www.e-arm.org treatment, especially to inhibitory rTMS [25, 26] . Clearly, additional, large-cohort studies focusing on lesion size are necessary.
In the responded group in the present study, the functional improvements were more prominent than those in the controls or the non-responded group at 4 weeks following rTMS. The most plausible explanation is that the follow-up scores for Brunnstrom's recovery of hand function and upper extremity muscle power, as well as the gain scores, were significantly more increased in the responded group than in the other groups. Notably, increases in the K-MBI self-care and mobility scores were also larger in the responded group. Moreover, the mobility score was positively correlated with the self-care score on the K-MBI (Spearman correlation coefficient=0.591, p<0.001). It seems that application of rTMS over the motor cortex of the hand area can indirectly contribute to improvements in lower-extremity function. Some researchers have evaluated the effect of rTMS on the walking ability [27, 28] ; however, in those studies, rTMS was applied over the leg area of the motor cortex. Studies to determine whether application of rTMS over the hand area has any influence on lower-extremity function are required.
Several studies have demonstrated that rTMS can influence learning, but they did not provide the precise mechanism by which that particular effect was achieved [3, 11, 29] . In our current study, the follow-up K-MMSE score in the responded group was higher than that in the control group. However, the gain scores among the three groups were not significantly different, probably due to the ceiling effect.
It is already well established that down-regulation of the excitability of the unaffected motor cortex, in concert with up-regulation of the excitability of the affected side, can improve motor skills [30] . However, it is still unclear which type of stimulation has a greater effect on upper extremity motor function [8] . Given the unproven efficacy of treatment and the differential excitability capacities, the variables influencing the respective effects of stimulatory and inhibitory rTMS on upper extremity motor recovery might differ. For the purpose of predicting the difference in responsiveness with respect to the two rTMS modes, future studies should employ a specific neuroimaging technique (e.g., diffusion-tensor imaging) for evaluation of white-matter integrity and connectivity.
There are several limitations to our study. First, the population size was relatively small, and the 4-week follow-up period was too short to reveal the long-term effect of rTMS treatment on functional improvement. The subjects were not blinded, and the study lacked a sham treatment group. Also, the main limitation of our study is that we did not compare the changes in MEP amplitude and resting motor threshold following rTMS treatment between the responded group and the non-responded group, which could more clearly represent the effect of rTMS treatment on cortical plasticity. Finally, it has been established that upper extremity functional status can be influenced by the unaffected upper extremity as well as by the affected upper extremity. However, application of rTMS over the contralesional hemisphere has an influence on the dexterity of the affected hand only, and not on the dexterity of the unaffected hand [31] . The gain scores for K-MBI self-care in the rTMS-treated group were significantly higher than those in controls, in both the responded group and the non-responded group (26.4±6.8 and 9.0±4.9 vs. 7.2±5.1, respectively; p<0.001). If upper extremity functional status was largely influenced by the unaffected upper extremity, there would be no significant differences between the rTMS-treated group and the control group. Studies are needed to determine the extent to which patients might be able to use the unaffected upper extremity. However, this study sheds light on proper prognosis and rehabilitation of stroke patients according to the responsiveness to rTMS treatment. More accurate prognosis as well as the ability to predict the potential for functional upper extremity recovery would enable more realistic rehabilitation goal setting and more efficient resource allocation [32] .
In conclusion, younger stroke patients showed better upper extremity functional outcomes following low-frequency rTMS. Also, the functionally responding patients demonstrated greater upper extremity muscle power, more independent gait, and higher cognitive status. The mechanism underlying the changes in functional outcome that correlate with advancing age and changes in corticospinal excitability requires further investigation.
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